Neurons in rodent visual cortex are organized in a salt-and-pepper fashion for orientation selectivity, but it is still unknown how this functional architecture develops. A recent study reported that the progeny of single cortical progenitor cells are preferentially connected in the postnatal cortex. If these neurons acquire similar selectivity through their connections, a salt-and-pepper organization may be generated, because neurons derived from different progenitors are intermingled in rodents. Here we investigated whether clonally related cells have similar preferred orientation by using a transgenic mouse, which labels all the progeny of single cortical progenitor cells. We found that preferred orientations of clonally related cells are similar to each other, suggesting that cell lineage is involved in the development of response selectivity of neurons in the cortex. However, not all clonally related cells share response selectivity, suggesting that cell lineage is not the only determinant of response selectivity.
INTRODUCTION
Functional columns in the cerebral cortex are believed to be essential to process sensory information (Mountcastle, 1997; Horton and Adams, 2005) such as orientation selectivity (Hubel and Wiesel, 1962) . However, neurons in rodent visual cortex are organized in a mixed salt-and-pepper fashion for orientation selectivity (Ohki et al., 2005; Ohki and Reid, 2007) . If the connections between neurons are random, information from different orientations would be mixed, and orientation selectivity would be largely lost. Sharp orientation tuning without functional clustering suggests the existence of specific connections among similarly tuned excitatory neurons. Indeed, networks of specifically connected subpopulation of excitatory neurons-subnetworks-have been found in rodent visual cortex Song et al., 2005) , and they are related to the orientation selectivity of these neurons Hofer et al., 2011) . In this study, we examined whether a developmental basis exists for such subnetworks.
It has been long debated to what extent neuronal functions are determined genetically or by postnatal experience or neuronal activity (Wiesel, 1982; Goodman and Shatz, 1993; Katz and Shatz, 1996) . However, how the function of neurons in the cortex is influenced by prenatal development is not well understood. In the embryonic stage of cortical development, progenitor cells in the ventricular zone produce excitatory neurons that migrate into the cortical plate using radial glial fibers as a scaffold (Rakic, 1988) . Interestingly, in the rodent cortex, clonally related sister neurons are not tightly packed (Walsh and Cepko, 1988; Luskin et al., 1988; Torii et al., 2009; Magavi et al., 2012) . Instead, they are sparsely distributed through layers 2-6, spanning several radial minicolumns (Mountcastle, 1997) , in such a way that sister neurons derived from a given progenitor are separated from each other by neurons derived from other progenitors. We wondered whether there is any relation between the scattered progeny of single progenitors and the scattered salt-and-pepper orientation map (Ohki et al., 2005; Ohki and Reid, 2007) in rodent visual cortex. Recent studies (Yu et al., 2009 (Yu et al., , 2012 reported that the progeny of single progenitor cells are preferentially connected to each other. These results suggest that clonally related neurons may participate in specific subnetworks in adult cortex. Since cells with similar response selectivity also have high probabilities of synaptic connection , we hypothesized that sister cells may share similar response selectivity. We imaged a mouse in which all cells derived from a single cortical progenitor were labeled. By imaging all the upper layer cells of a single cortical clone, we obtained a near-complete picture of the functional properties of the cells in a cortical clone. We observed that more than half of, but not all, clonally related cells shared response selectivity, indicating that cell lineage is partly responsible for the functional properties of mature neurons.
RESULTS

Spatial Distribution of Clonally Related Cells
To investigate the relationship between cell lineage and orientation selectivity, we used a transgenic strategy to label all the progeny derived from a small number of cortical progenitor cells. We used a transgenic mouse Cre-driver line (TFC.09) generated by enhancer trapping (Magavi et al., 2012) , in which Cre is expressed sparsely in a small number of progenitor cells in early forebrain development. This Cre driver was crossed with loxP reporter transgenic mice (Z/EG [Novak et al., 2000] or Ai9 [Madisen et al., 2010] ). In the cross of TFC.09 3 loxP reporter mice, the expression of Cre in progenitors leads to permanent expression of a fluorescent protein (eGFP for Z/EG or tdTomato for Ai9) in their progeny ( Figure 1A) . Thus, the progeny of cortical progenitors in the TFC.09 3 loxP reporter mice consisted of lineage-related, fluorescently labeled (F+) excitatory neurons and protoplasmic astrocytes that were distributed sparsely through layers 2-6 (Magavi et al., 2012) .
To investigate response selectivity, we used in vivo twophoton calcium imaging in TFC.09 3 loxP reporter mice. We targeted small well-isolated clusters of F+ cells (Figure 1A, arrow) to ensure that the F+ cells belonged to the progeny of a single progenitor. The tangential diameter of the clusters of F+ cells was approximately 300-500 mm. Also, the clusters were well isolated from the progeny of other progenitor cells. Some gaps containing no F+ cells between the imaged cluster and the nearby clusters were observed in all the histological sections (see Figure S1A available online), suggesting that the clusters we imaged belonged to individual clones. For five clusters that we fully reconstructed, the range of the center-to-center distances to the next clusters were 570 ± 240 mm (mean ± SD). We counted all the F+ cells in each clone and found that they contained 762-910 cells (minimum-maximum, across five clones) including neurons and protoplasmic astrocytes. Since it has been estimated that $88% of cells in a clone are neurons and the rest are astrocytes (Magavi et al., 2012) , there should be $670-800 F+ neurons, similar to the numbers of neurons ($600) produced from a single cortical progentior (Tan et al., 1998) and much less than the progeny derived from two clones, again suggesting that each cluster was derived from a single progenitor. With two-photon imaging in vivo, the F+ sister cells were clearly identifiable ( Figures 1B and 2A) , and we examined their activity by introducing a calcium indicator (Oregon Green BAPTA-1 488 AM; OGB-1) into both F+ and nonlabeled (FÀ) cells. We injected OGB-1 into individual small and well-isolated clusters ( Figure 1A ). Thus, with this strategy, we could compare the orientation selectivity of F+ cells (''sister'' cells) to other nearby FÀ cells (''nonsister'' cells).
Visual Responses of Clonally Related Cells
Drifting gratings with six orientations (12 directions) were presented to examine the orientation selectivity of F+ and FÀ cells. Response magnitude (DF/F) in response to the drifting gratings, orientation selectivity index (OSI; see Experimental Procedures), We found that sister cells tended to be tuned to similar orientations. In seven of eight clones that we examined, more than 50% of sister cells had preferred orientations within 40 of each other. Figure 2 shows a representative experiment. Time courses of calcium indicator during visual stimulation were recorded from OGB-1-loaded cells with two-photon microscopy ( Figure 2B ). Of 142 F+ cells recorded from layers 2-4 (Figure 2A ), 111 cells showed a significant response to the drifting gratings (p < 0.01, ANOVA across 12 directions and a baseline; DF/F > 2%; see Experimental Procedures) and 68 cells showed orientation selectivity (p < 0.01, ANOVA across six orientations). Of these, 28 cells were sharply selective for orientation (tuning width, half width at half maximum < 45 ), and we used only these cells for further analyses. More than half (18/28) of these F+ cells preferred gratings with vertical orientation (À5 to +30 ; Figure 2B, orange; Figure 3A , top), although ten other F+ cells preferred other orientations ( Figure 2B , green), so that more than half of sister cells were tuned to similar orientations within 35 of each other. However, we found that even the nearby nonclonally related FÀ cells with sharp orientation selectivity showed some bias for preferred orientation ( Figure 3A , bottom), as has been reported previously in mouse visual cortex (Ohki et al., 2005; Kreile et al., 2011) . A bias of similar magnitude was also observed in C57BL/6 wild-type mice (Figures S3A and S3B) . To precisely quantify this bias in wild-type animals, we repeated these measurements in C57BL/6 wild-type mice (n = 7) under very similar experimental conditions and 
Neuron
Visual Selectivity of Clonally Related Neurons confirmed that the magnitude of the bias in our transgenic mice (n = 8) is similar to that in C57BL/6 wild-type mice (n = 7) by quantifying the magnitude of the bias with Fourier analysis (p > 0.5; Kolmogorov-Smirnov test; see legend of Figure S3 ). After pooling histograms from all the examples from transgenic (n = 8) and wild-type (n = 7) mice, the histograms (Figures S3C and S3D) were similar to those previously reported (Kreile et al., 2011) .
Because local populations in visual cortex can have overall biases in their preferred orientations, a small number of randomly chosen cells can have similar orientation tuning just by chance. Because we imaged a large number of clonally related cells and their neighbors, we were able to reject the possibility that the differences we observed were due to such biases by precisely quantifying the distributions of preferred orientations for both F+ and FÀ cells. 
Preferred Orientations of Clonally Related Cells
We first quantified the percentage of F+ cells with similar preferred orientations. The peak of the distribution of the preferred orientations of F+ cells was defined from the histograms ( Figures  3A-3D, top) , and the percentage of F+ cells with preferred orientation within 20 from the peak was 52% ± 23% (n = 8, mean ± SD). The percentage of FÀ cells with preferred orientations in the same range was 30% ± 11%. However, this difference could be influenced by the fact that the peak orientation was defined from the F+ cells, so we used two statistical analyses to confirm this difference. First, we compared the distribution of the preferred orientations of F+ and FÀ cells using a circular nonparametric statistic (Kuiper's test; the circular analog of the KolmogorovSmirnov test). Second, we compared the average difference of preferred orientations (DOri) for pairs of cells both within clone (F+ cells) and between clonal cells and their neighbors (F+ and FÀ cells) .
The distributions of F+ and FÀ cells for four clones are shown in Figures 3A-3D . Three showed significant differences between the distributions (Figures 3A-3C ; p < 0.02, Kuiper's test). All four showed significant differences in DOri within clone (F+ pairs) and between the F+ and FÀ cells (Figures 3E-3H ; p < 0.05, corrected by bootstrap; see below and Experimental Procedures). Thus, even though the nearby FÀ neurons showed an overall bias in preferred orientation, we found that sister cells showed more similar tuning to each other than to other nearby cells derived from other progenitors. Indeed, in one case we observed (Figure 3B ) that even though the bias in the nearby FÀ cells was strong, the F+ sister cells were tuned to orientations different from the bias of FÀ cells. Even in cases of strong bias, a saltand-pepper organization of preferred orientation was evident ( Figure S2D) .
We observed significant differences in DOri in four clones and significant differences in the distribution of preferred orientation in three clones of the eight total clones (from seven animals) that we examined. Several factors could explain why we saw significant differences in only a subset of cases (see Discussion for further details). We used a bootstrap to examine and reject two other factors that could have affected the tests of distributions of preferred orientation (Figures 3A-3D) . First, the bias in the preferred orientations of the FÀ cells could in principle have contributed to the statistical difference. Second, if spatial clustering existed in the F+ cells in the imaging field and the local bias in the preferred orientation changed across the field, this could create some difference in preferred orientation between the F+ and FÀ cells. We selected cells from the FÀ set at random that were spatially matched to the F+ cells for that clone and asked how often such random subsets would be statistically significant by chance (see Experimental Procedures). We found that our test was actually overly conservative, as the false-positive rates obtained from the bootstrap were always much smaller (by a factor of approximately ten) than the p value thresholds. For example, in the experiment shown in Figure 3B , this bootstrap procedure produced false-positive rates of less than 0.00001 at a p value threshold of 0.0005, which was the significance level obtained in the actual comparison. Thus, the local bias and the possible spatial clustering did not change the fact that the differences in preferred orientation between F+ and FÀ were significant.
Oversampling arising from counting all the possible pairs within (F+ and F+) and between (F+ and FÀ) groups could also have affected our comparisons of DOri ( Figures 3E-3H) , as could the local bias and the possible spatial clustering. We again used a bootstrap to correct the p values obtained from the Kolmogorov-Smirnov test we used in this comparison. The false-positive rates obtained from the bootstrap (see Experimental Procedures) were often higher than the p value thresholds. This is likely because the procedure indeed led to oversampling. Thus, we corrected the p value with the false-positive rate obtained from the bootstrap analysis. (All p values reported above are corrected.) Finally, we performed a population analysis by pooling all the pairs from all eight clones. We found that DOri within F+ cells was significantly smaller than the DOri between F+ and FÀ cells ( Figure 3I , p < 0.001, corrected by bootstrap).
We observed differences in preferred orientation between sharply tuned sister cells and their sharply tuned neighbors from other progenitors. We also found that these differences were seen in many cases, when we included more broadly tuned cells. We examined a larger set of cells by including more broadly tuned cells (p < 0.01 via ANOVA across six orientations and DF/F > 2%, without any threshold for tuning width). The number of F+ cells increased by 77% on average (compare colored to white bars in the histograms in Figures 3A-3D ), but the difference between F+ and FÀ cells became slightly smaller than those with only sharply tuned cells. Both for differences in the distribution of preferred orientation between F+ and FÀ cells and differences in DOri between clonally related and unrelated pairs, all but one of the clones that was significant for sharply tuned cells was also significant when we included broadly tuned cells. This decrease is likely due to the fact that less accurate estimation of preferred orientations in broadly tuned cells added noise to both F+ and FÀ distributions. On the other hand, we could more reliably estimate the preferred orientations of sharply tuned cells, yielding a more accurate statistical test.
DISCUSSION
In summary, our experiments revealed that more than half of clonally related sister cells share similar orientation preference, although some sister cells showed different preferences. Overall, preferred orientations of pairs of sister cells (F+ and F+) were significantly more similar than those of pairs from different clones (F+ and FÀ) .
Most previous studies that identified clonally related neurons in vivo have used a retroviral labeling method (Walsh and Cepko, 1988; Luskin et al., 1988) , which labels only a handful of cells. To analyze clonally related sister cells, we used a Cre/loxP system (Magavi et al., 2012) in which all the progeny of a single cortical progenitor ($600 cells) were labeled. We believe that this complete labeling is important to study the relationship between orientation selectivity and lineage. First, neurons with significant responses and sharp selectivity are relatively rareapproximately 20% of mouse V1 cells (Ohki et al., 2005) . By recording from $100 sister cells, we could measure functional properties from approximately 20 of these cells and estimate their preferred orientation distribution. If only a small number of sister cells were recorded, the probability of obtaining pairs of such neurons would be extremely low. Second, as previously reported (Ohki et al., 2005; Kreile et al., 2011) , there is often a bias in the distribution of preferred orientations in a local population of neurons in rodent visual cortex. With such a bias, a small number of randomly chosen cells could have a similar orientation just by chance. Thus, analyzing a large number of lineage-related cells allowed us to focus on robustly tuned cells to prove that the distribution of preferred orientation of sister cells was significantly different from the other nearby neurons.
Contamination from the neuropil signal (Gö bel and Helmchen, 2007) is another variable that could potentially confound the analysis of response selectivity. As described previously (Kerlin et al., 2010) , the orientation tuning of the neuropil signal is similar to the average of the orientation tuning of local neurons and varies only slightly across 300 mm in the imaging field. When there is some bias in the preferred orientations of local neurons, the neuropil signal can be also tuned to the local orientation bias and might contaminate signals from cell bodies. Since neuropil contamination becomes a larger part of the signal for weakly responsive cells, those cells may appear more similarly tuned if neuropil contamination remains. To avoid these effects of neuropil contamination, we subtracted the surrounding neuropil signal and selected only highly responsive neurons that were sharply tuned. Finally, we used pixel-based orientation maps ( Figure 2C ) to confirm that we used only cells with reliable responses, as sharply selective and highly responsive neurons clearly stand out in these orientation maps and have different responses than the surrounding neuropil.
In some cases, we did not observe a difference in the distribution of preferred orientations between F+ and FÀ cells and the peaks of the distributions matched between F+ and FÀ cells. We believe this is in part because our ability to detect differences depends on the local bias in preferred orientation. When there is a significant bias in a local population, we should expect that the majority of local clones should have similar biases, because the bias in the local population is the result of summation of the local clones. Thus, in the presence of local bias, there may be a tendency for the distributions of the clonal cells and the nearby unrelated cells to be more similar, though it is still possible for individual example clones to have different tuning than their local neighbors (see Figure 3B) .
We found that the orientation preference of sister cells was not totally determined by clonal identity, as some sister cells showed orientation preference different from the majority of sister cells. This observation may be surprising because strong connections between sister cells have been reported (Yu et al., 2009 (Yu et al., , 2012 . One explanation is that the large difference in connection probability between sister cells and nonsisters may not translate into major differences in synaptic input. Excitatory neurons belonging to different clonal lineages are intermingled. Nearby nonsister excitatory neurons in a local volume outnumber sister cells by a factor of approximately six (Magavi et al., 2012) . Even though the probability of connections between sister cells was reported to be approximately six times as much as that between nonsister cells (Yu et al., 2009) , excitatory inputs to a given neuron from sister cells and nonsister cells are expected to be, on average, of the same magnitude. According to this scenario, if the excitatory input to a neuron from its sisters dominates, one would expect that they would all share orientation selectivity. Conversely, if the excitatory input to a neuron from its nonsisters dominates, one would expect that the orientation selectivity of this cell would differ from that of its sister cells. We hypothesize that the preferential connectivity between sister cells makes loose scaffolds that accept inputs from the thalamus and give rise to networks that share similar functional properties, such as orientation selectivity. Clonal identity cannot be the only factor determining the response selectivity of neurons, and other mechanisms, such as activity-dependent processes, may influence this scaffold and determine the final selectivity of cortical neurons in adult animals.
Recently, Li and colleagues found far stronger similarity of orientation selectivity in pairs of clonally related neurons using retrovirus labeling (Li et al., 2012) . Four factors may explain the difference in the degree of similarity between their findings and ours. First, they recorded visual responses just after eye opening (postnatal days [P] 12-P17), while we recorded in the adult (P49-P62). The similarity of preferred orientation between sister neurons may be strong just after eye opening and may be reduced in the adult in the course of maturation of the cortical circuit (Rochefort et al., 2011) . Second, they labeled a small number of sister cells with retroviruses in a late phase of embryonic development (embryonic days [E] 15-E17), while we labeled the entire progeny from a single progenitor starting about E12 (Magavi et al., 2012) . The sister pairs analyzed in their study were, on average, more closely related in lineage than two randomly selected cells in a clone labeled in our mice, which could result in different degrees of shared orientation selectivity. Third, they examined only vertically aligned pairs, while we examined all possible pairs in a clone. It is not clear yet whether vertical alignment affects functional similarity. Fourth, they reported that retrovirally infected cells were much more responsive (34 responsive pairs in 52 pairs; 65% of pairs) than the entire population (38% of neurons, or 14% of pairs assuming independent selection), suggesting that retrovirus infection might have affected the responsiveness of the infected neurons.
Our findings may explain the salt-and-pepper functional architecture in rodent visual cortex. In mice, neurons derived from the same progenitors tend to share orientation preference, and neurons derived from different progenitors are spatially intermingled. This distribution of clonally related neurons may work as the scaffold to generate the salt-and-pepper architecture observed in rodents. If so, could lineage also account for the architecture of the homogeneous functional columns Wiesel, 1962, 1968) observed in higher mammals, such as carnivores and primates? The distribution of clonally related cells seems less laterally dispersed and more radially aligned in the monkey cortex (Kornack and Rakic, 1995 ; but cf. more laterally dispersed clones in the ferret cortex, Reid et al., 1997) , but the complete picture of the progeny of single progenitors has not yet been described. In higher mammals, a large expansion of the subventricular zone has been reported, with each progenitor giving rise to a very large number of neurons through intermediate progenitors (Kriegstein et al., 2006; Lui et al., 2011) . In this scenario, individual cortical stem cells in higher mammals may produce a large cohort of neurons that may comprise an entire functional column with little intermingling of neurons derived from other clones. Alternatively, in higher mammals, each single functional column may be derived from multiple clones (Rakic, 1988 (Rakic, , 1995 , and some mechanisms may group neighboring neurons (Yuste et al., 1992) derived from multiple clones to give rise to their homogeneous functional columns.
EXPERIMENTAL PROCEDURES
Procedures are described in detail in Supplemental Experimental Procedures. Animals Z/EG (Novak et al., 2000) and Ai9 (Madisen et al., 2010) mice were obtained from the Jackson Laboratory. TFC.09 mice were generated by enhancer trapping, in which the minimal promoter of mouse Thy-1.2 gene regulates Cre recombinase expression (Magavi et al., 2012) . Mice (P49-P62) were prepared for in vivo two-photon imaging as previously described (Ohki and Reid, 2011) . The anesthesia was induced with isoflurane (3%) and maintained with isoflurane (1%-2% in surgery, 0.5%-1% during imaging). (Ohki and Reid, 2011) . Of these, cells selective to orientation were defined by ANOVA (p < 0.01) across six orientations (270 F+ cells and 6,942 FÀ cells). Tuning curves of these selective neurons were fit with the sum of two circular Gaussian functions (von Mises distributions) and tuning widths were measured as half width at half maximum (HWHM). Of these, sharply selective cells were defined by tuning width < 45 (149 F+ cells and 4,614 FÀ cells). Preferred orientation was obtained by vector averaging (Swindale et al., 1987) .
Visual Stimulation and Image Data Acquisition
Bootstrap Analysis
We used a bootstrap to confirm that neither the bias in the preferred orientations of the FÀ cells nor possible spatial clustering of F+ cells artifactually caused the statistical difference. On each bootstrap repetition, for each sharply selective F+ cell, a sharply selective FÀ cell was chosen randomly within a 50 mm radius. In this way, we obtained a set of randomly chosen sharply selective FÀ cells that were matched in number and spatial location to the sharply selective F+ cells. The distribution of these randomly chosen FÀ cells was compared with the entire set of FÀ cells with a Kuiper's test across a wide range of p values. Any significant difference is a false positive. We simulated 100,000 repetitions for each p value and for each clone, and false-positive rates were obtained. We compared the differences in preferred orientations (DOri) of all the possible pairs among F+ cells and the DOri of all the possible pairs between F+ and FÀ cells. Again, a bootstrap was used to correct the p values obtained from the Kolmogorov-Smirnov test. We obtained a set of randomly chosen sharply selective FÀ cells, matched in number and spatial location to the sharply selective F+ cells, in the same way as described above. By comparing differences of DOri among this population and DOri between this population and the entire FÀ population using a Kolmogorov-Smirnov test, false-positive rates were obtained across a wide range of p values. The p value was corrected with the false-positive rate obtained from the bootstrap at a p value threshold obtained by comparing actual clonally related and unrelated pairs.
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